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Abslracl: A 1 1Iz reduced-gravitymodelis proposedto study the hydrodynamicand
thermodynamicfeaturesof thecoastalupwellingareaofCaboFrio(RiodeJaneiro-Brazil).The
verticalstructureofthemodelisdescribedbyanactivelayeroverlayingadeepinertlayerwhere
thepressuregradientis settozero.Forlheupperlayer,themodelincludestheturbulentversion
of themomentum,continuityandheatequations.Theconservationof heatis representedby a
transportequationtodescribethethermodynamicchangesof theseasurfacetemperature(SST).
The solutiondomainincludesopenboundariesin which weakly-reflectiveconditionsare
prescribed.Solutionsarefoundnumericallyonauniformgridandthefundamentalequationsare
approximatedbythefinitedifferencemethod.Numericalexperimentsareperformedtoevaluate
thedynamicresponseof thecoastalareaof CaboFrioforcedbyuniformandnon-uniformwind
fields.Thesolutionsdifferconsiderablydependingon theorientationof thewinds.Eastand
northeastwindscorrelatewithcolderwatersin thezonalcoastlineofthisareaandthepresence
of flowstowardCaboFrio correlateswith northwind components.The proposedmodelis
validatedwith thenumericalsimulationof an observedeventof upwelling,wherea time-
dependentandnon-uniformwind fielddevelopsa SST patternsimilaras theobservations,
particularlytheextensionof thecoolwaterplume in south-westdirectionandtherapid time
variationoftheSST.
Resumo:Um modelode gravidadereduzidade I 1Izcamadaé propostoparaestudaras
característicashidrodinâmicasetermodinâmicasdaáreacosteiradeCaboFrio(RiodeJaneiro-
Brasil).A estruturaverticaldo modeloé descritapor umacamada tivasobreumacamada
profundasemmovimentoondeogradientedepressãoézero.Paraacamadasuperior,o modelo
incluía versãoturbulentadasequaçõesdemomentum,continuidadee calor.A conservaçãodo
caloré representadaporumaequaçãodetransporteparadescreveroscâmbiosdatemperatura
superficialdo mar(TSM). O domíniode soluçãoincluí fronteirasabertasondecondições
debilmenteretletantessão impostas.As soluçõessão obtidasnumericamentenumamalha
uniforme asequaçõessãoaproximadasusando métododediferençasfinitas.Experimentos
numéricossãoefetuadosparaevaluara respostadinâmicadaáreacosteiradeCaboFriogerada
pordistribuiçõesdeventosuniformesenãouniformes.As soluçõesdiferembastantedependendo
daorientaçãodosventos.VentosE eventosNE correlacionamcomáguasfi'iasnalinhacosteira
zonaldestaárea,e a presençade correntesna direçãode Cabo Frio correlacionamcom
componentesdeventoN. O modelopropostoé validadocomumasimulaçãonuméricadeum
eventoderessurgência,ondeumadistribuiçãodeventonãouniformedependentedotempogera
umadistribuiçãodeTSM similaràsobservações,particularmentea xtensãodaságuasfriasna
direçãoSOeasvariaçõesdaTSM notempo.
Descriplors:Coastalupwelling,Numeriealmodelling,CaboFrio.
Descrilores:RessurgênciaCosteira,Modelagemnumérica,CaboFrio.
2Introduction
Coastalupwellingis an importantprocess
becauseit bringsnutrientrichwaterto thesurtàce,
therebyallowingthedevelopmentof phytoplankton
blooms.Furthermore,the coastalcurrentsand
verticalmixing within the diurnal thermocline
providea way of dispersingpollutantsthat are
locatedclosetoportsor industrializedcities.Coastal
circulationsareoftencharacterizedby a meander-
like surfaceflows (Guillen & Calienes. 1981),
associatedwith the presenceof cold sllrt~lce
temperaturesin formof plumesand intrusionof
warmoceanicwaters.Coastlinegeometry,bottom
topographyaswellasthedrivingwindfields,areali
likely importantfor determiningthe transient
responseofcoastalareas(Hurlbllrt,1974;McCreary
& Kundu,1988).Majorareasof coastalupwelling
are locatedoff the Peruviancoast, Oregoncoast
(USA) and northwestAfrica. However,coastal
upwellingalsooccursat manyotherplacesin the
worldoceans,includingthecoastalareaofCaboFrio
in RiodeJaneiro(AlIard1955;Mascarenhasel. ai.,
1971;Ikedael.ai., 1974).
Therearenumerouspapersaboutcirculationin
coastalareas,someofthemusinganalyticalmethods
(Crepon& Richez,1982,McCrearyel. aI., 1989).
Numericalmodels have difficultiessimlllating
coastalupwellingevents,for thereasonthatsome
processesand featuressuch as the upwelling,
downwelling,coastaljets and mixing are very
poorlyresolvedby theirgrids, becausethecoastal
regionof interestis generallypartof a muchlarger
complltationaldomain.Additionally,thedelimitation
of the complltationaldomainimpliesthat it is
TlL'L'l'''"anto define <;lIitahk hOllTld:IT"\ condi!I<1Tl'
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at openboundarie$.Manytypesof openbOllndary
conditionshavebeenreported,aliwiththe purpose
of tryingto eliminatethe artificialretlectionof
wavesattheopenbOllndaries(Chapman,1985).The
openboundaryconditions,basedonthecharacteristic
formof thegoverningequationsfor shallowwater
waves(Verboom,1982),cOllldbeveryeffectivefor
sitllationsencounteredin estllaries(Verboomel. aI..
1983) and for wind-driven ocean problems
(Carbonel,1982,1992).
The purposeof this work, is to investigate
usinga I Y2layermodel,thewinddrivenllPwelling
dynamicof the coastalregion of Cabo Frio,
particularlythe generationand evolution of
upwellingplumes,whichis an observedfeaturein
thisregion.Thispaperdescribesidealizednumerical
ca\culationsthat simulatethe coastal ocean's
responseto uniformeast,uniformnorth,andnon-
uniformnortheastwinds.Next,it goesontosimulate
thetimedependent.respo~eof themodeltoa wind
likethatobserveduringan upwellingeventalong
the CaboFrio Coast(1971),and compares the
solutionwith availableobservationsin spaceand
time.
Theobservationalbackgroundof thecoastalarea
ofCaboFrio
Thecoastalregionof CaboFrio is locatedin
the Central-SouthernBrazilianlittoral(Fig. I) and
is characterizedby the occurrenceof coastal
upwellingevents.Thebottomtopogt!tphyis smooth
andflat,withthecontoursdepthtendingto follow
thecoastline.The maximllmdepthin this coastal
areais around150meters.The hydrologyof the
hg. I. loastal ar.:aoll <lho/-rIO.
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water column near Cabo Frio is normally
characterizedby a thermoclinethat fluctuates
accordingtotheintensityanddirectionofthewinds.
Thefirstevidenceforupwellingin thiscoastal
areawasreportedby Allard (\955), indicatinga
strongcorrelationbetweencolderwatertemperatures
andnortheastwind,andviceversa.In thisregion,the
coastalupwellingis verysensitiveto windchanges
(Valentin,el.ai., 1987)andtwomainaustralseasons
arecIearlydefined:
a) a spring-summerseason,with the tropical
maritimeanticyclonebeing establishedand
prevailingE-NE windsfavorableto upwelling,
and
b)anautumn-winterseason,with&equent,passages
of cold,polar&onts,anda rapidsuccessionof
changingwindcyclesunfavorabletoupwelling.
An interestingandcommonlyobservedfeature
of theupwellingin this regionis thata tongue'of
coldwaterdevelopsoffSaquarema.Theseupwelling
eventsin the coastalregionof Cabo Frio were
reportedby severalauthorssince 1959,but the
contributionof Ikedael.a!.,(1974)providesthcbest
descriptionof an upwellingeventdue to the
extensiveamount of observationstaken. An
interestingresultwastherapidityof theupwclling
process,with the sea surfacetemperature(SST)
attainingitsminimumvalueapproximately24hours
afterthefirstsignsof upwellinghadappeared.The
spatialdevelopmentandvariationof thecoldtongue
of SeaSurfaceTemperaturewasno-Iesssurprising:
lhe upwellingminimumintensifiedat about30
nauticalmilestothewestof CaboFrio(Fig.2),and
acoreofhighsalinitywatermovedupwindtowards
Cabo Frio at an averagespeedof 1/4 knot,
presumablybeing advected by a surrace
countercurrent.Thepossibilityforexistenceofsucha
currentwasindicatedpreviouslybyMascarenhasel.
ai. (1971).Southwestwinds,causedby atmospheric
coldpolarfronts,changethecirculationpatternof
this coastal area by reversingthe alongshore
currentsandgeneratingyres(Stech& Lorenzzctti,
1992;Torres& Santana,1994).
The model
The modelusedin this study,hasan active
layeroverlayinga deep inert layerwhere the
pressuregradientis setto zero.Weusea Cartesian
coordinatesystemwhereXi representstheplanar
coordinatesand the usualsummationconvention
withrepeatedindicesis used.A schematicview of
lhecoastaloceanmode!ispresentedin Figure3 .
For the modelingof the coastaloceanthe
vertically-integratednon-linear equations of
momentum,continuityandtransportof SST, are
used.
Thebasicequationsarethefollowing:
ô U Ô u. U ô h hB ô T ..
---~+ I'+c..u.+gh{a--~- +~ :+vU--'-=O
ô t ô XI 'I' Ô Xi 2# Ô Xi 'p"
(1)
(2)
aT aT
-+u-+q;=::O
aI 'aXi
(3)
where
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I
c
.
" = ' 11- P p, (j - p - p p,
'I f o
j.1=j.1/(j.1-(j)
andUi, arethevelocitycomponents.Ui = Uih
denotesthecorrespondingmomentumflux in the
upperlayerand h representsthe upperlayer
thickness. The wind stress componentsare
representedby r; , v is the Raylcigh &iction
coefficientrepresentingthesumofali thedissipative
losses,f is theCoriolisparameterandp" ,ri are
oceanwaterdensitiesin theupperandlowerlayer
respectively.Thequantityp"variesin functionofthe
temperatureT. accordingtotheexpressionp"=ri[1-
()(T-r)] andri is alwaysconstant.Theseasurface
temperature(SST)is representedbyT. theconstant
temperaturein thelowerlayeris representedbyTI,
and theconstant() is thecoefficienlof thermal
expansion.The quantityq denotesthc sourceof
coolingandwarmingofSST, and it isapproximated
by
q = ú)T*/h ,for T> T (4)
q=O ,for T;'{T, (5)
in whichú) is a verticalvelocitydefinedequalto
iJU/Ox,,and T* is thetemperatureat theinterface
(themeanvalueof T andr), thatmeans,q depends
directIyto the divergenceor convergenceof the
flows.
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Fig.2.Chartsofsinopticobservations(lkedaelaI..1974).IntheupperpaneLSSTfieldwithintormationcollectcdtrom14:00
hoursof08/20/71to 11:00hoursof 08/21/7I. ln thelowerpaneLSST tieldwithintormationcollectcdlrom23:00
hoursof 08/24/71to 10:30hoursof08/25/71.
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Fig.3.TheI Y2layermodellayout.
Here, the entrainment velocity We only
prevents.the interfacebetweenthetwolayersfrom
surfacing(McCreary & Kundu, 1988)and is delined
bythesmoothingfunction
,for h <He (6)
(7)
whereHeis the entrainmentthicknessand I,. the
entrainmentime-scale.
Forthecoastline,non-slipboundaryconditions
areprescribedandhomogeneousconditionsfor11,T
areassumed.Theweaklyreflectiveconditionapplied
attheopenboundaries,basedon the character.istic
method,is writteninanaxisnormaltotheboundary
(x,,),inthefollowingform:
ô(UnIch) +cO(UnIch) +G=O
Ot oXn
(8)
where,
c=~gah , and G=FICh
andf.*istheCoriolisterminthenormaldirection.u"
,U" denotethevelocityandflux alongtheaxisx".
Theweaklyreflectiveconditionsin theupper layer
are definedby the in-goingcharacteristicof the
presentedequations.
Finitedifferencesolutionscheme
Thebasicequationsfor the I 1/2layermodel,
canbewritteninageneralmatrixformas:
oZ oZ OZ-+A-+B-+fC+D\Z+E=O
01 - Oxl - Ox2 ~ _J
(9)
whereZ representshevectorvariable,E thevector
of sourcesandsinkandA, B, C andQ.are the
matrix, describedby.
6gh2B/iP
]
O ,
O
Uj
ç=
[
O - f O O
]
f O O O ,
O O O O
O O O O
[
U2
~= O
O
O
[
V O O O
]
Q=OvOO,
O O O O
O O O O
To establish the numerical mode!, we
introducea setof points(XI,X2.t)= (kL1x1, 1L1x2.
m,1t)ofadiscretegrid. The discretevectorvariable
Z(XIoX2.t)wasplacedin thesamenodesof thegrid
suchthatthevectorvariableis describedin thegrid
as Z;, = Z(kt:.xi,lt:.x2,mM).
Thefinitedifferenceapproximationis basedin
centereddifferencesin space and a forward
differencein time using a dissipativeinterlàce.
Considering ~I =~2 and definingthecentered
differenceoperator8 and the forwarddiffercnce
operatorÂas:
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where
4,/ =az;':1,/+aZ;~1,/+(1-4a)z;;,~+az;':'+i+az;'J-1
(lI)
is thedissipativeinterface; thenthefinitcdifference
formulationtakestheLax-Wendroffschemeform
Âm(ZZ:,)+A4C4~,)+f}4( Z!:,,)+ÇZ;',+I!4,71+E~~,=0
(12)
whereZ representhe mean valuevector.The
parameter(Xrangesin theinterval O<a::;1/4. If a
= 1/4theresultingschemeisthecalledLaxscheme.
Here.it ir>usedthevalueof a =1/8.In eachopen
boundarypoíntthereare fluxandleveillnknowns.
First. thefluI' attheboundariesi evalllatedusing
thefiníte-dífferenceapproximationdescribedby(12),
but replacin~the centeredfinite-ditTerenceO;
operator by lateral finite-difference operator 9 B
whereR reprer>entsthevariableandthesubscript"B"
indicatcsthe boundarypoint,and the decreasing
poi!1ts"8-1.8-2" are interiorpoints in an axis
normalto theboundary.Afierthat,weobtainh at
m+I timeleveI,solvingequation(8)bythefollowing
approximation,
U::1 hmtl li.. *
[_ FI!;C, FI ]-[ FI:tchFl] +c Q (T 71/1+clf" )+G.Il-O
!y VBuB- /I B-
(14)
where U* and h*are the dissipativeintertàcefor U
andh attheboundarypoints.
Results
. Here.solutionsare evaluatedfor a coastal
oceanforcedby uniformand non-uniformwind
fields.The experimentsare focusedto the rapid
changeof dynamiconditions.A coordinatesystem
withXIpositiveastwardandX2positivenorthwardis
used.The I IA layermodelof thecoastalregionof
CaboFrio is forcedbywindfields which havea
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spatialstructure.Unlessspecifiedotherwise,the
paral11eterusedin the experiments,are the
following:The tluid in the layersare initially at
restandtheinitialvalueof h =30m. Thedensities
areassumedp/=1024kg/m3,p' = 1025kg/m3.The
Coriolis parametercorrespondto the 23°S
and taken as I = -5.68X 10-5 sec-1. The
Rayleigh frictioncoefficientis fixedat v=2xI0-5
sec-1 . The initial temperaturesin thelayers are
assumedas T =23°C and T= 15°Candthe
coefficientof thermal expansionis () = 2.6xI0-4
(OCr'. The time step is ~t=600sec,the
entrainmentthicknessis fixed in He=30mand
te= 1f4day.The coastaloceanis limitedto a
rectangleof 1°30' by 1° using an uniformgrid
spacingof ~x= I/60°; thenumberofdynamicgrid
pointsare3902.The computationalboundariesare
partlyopenandpartlyclosed.
It wasnecessaryseveralexperimentso chose
the mentionedparameterswhich are the mores
adequateto simulatethe meanfeaturesof the
hydrodynamicandthermodynamictransientresponse
of thecoastalwatersof CaboFrio (calibratedwhich
the numericalsimulationdescribedin scction
Numericalsimulationofatime-dependentupwelling
event).
Responsetouniformeastwinds
Figure4 showsthemodelresponseatday2 and
5 when it is forced by uniform east winds
(L,=0.16N/mz).
At day 2, along the zonal coastline.an
upwellingband is generatedby the geostrophic
motionof watersin theupperlayershoalinglheh
tield, increasingthe entrainmentintluenceand
decreasingT.Thecoolingof theSST is significant,
decreasingby almost7°C in thealongshorebando
Duethecoastlineconfigurationthebandis initially
extendedupto theCaboFriocape.In themeridional
coastlineofthecoastalregiontherearenotsignalsof
upwelling.
At day5thecolderwaterband,generatedalong
thezonalcoastline.is widerandturnsaroundthe
CaboFrio. This is duedynamicalconsequencesof
the coastalconfiguration(cape)which generates
Kelvin wavesin a mannersimilar to the wind
variabilityasreportedbyCreponetaI. (1984).
During the experiment,the currentsystem
showsa winddependentresponse.Alongthezonal
coastlineit is possibletonotethatclosetotheshore,
the alongshorevelocitycomponentis strongerin
comparisonto the offshoreside, indicatinglhe
presenceofacoastaljet.
In Figure5, is presentedthetimedependent
variationof the velocitycomponentsand SST off
SaquaremandBuzios.In thezonalcoastline(off
Saquarema)thecoolingof thewaters reachesthe
minimumof 15°C in anperiqdasshortas 2 days
andthevelocitycomponentsshowatlowineastward
direction(u, < O ) with a small componentin
southwardirection( uz<O) andwhenthewaters
reachthe minimumSST of 15°C,the velocity
componentin offshoredirectionincreasesandthe
alongshorecomponentdecreases(becausetheterm
ôT/Ox,issuppressedand intluenceoftheterm-luz
increases).
In themeridionalcoastline(off Buzios),the
onshoretlow (U1component)forcedby the wind
duringthefirststagesissuppressedshortlythereafter
(14hours)thefirstsignalsofcoolingoftheSST,due
theKelvinwavemotion(seeSSToffBuzios).
Responsetouniformnorthwinds
Figure6 showsthe modelresponseatday2
and 5 when it is forced by north winds
(Lz=0.16N/mz).In thezonalcoastline,doseto the
shore,theupwellingis weakin comparisonto the
upwellinggeneratedin the eastwind case.The
presenceof cold upwelledwater is due the
ageosttophicmotionsonly,forcedbythenort!~',vindo
In theoffshoresideduethegcn"ti"ol':1icinfiuencea
zonal currentis generateõ:1.)wingin eastward
direction.This can explain dlc countercurrent
reportedinmanyoccasionsinthiscoastalarea.
In the meridionalcoastlineof this region,
upwellingcentersare g":;1eratedwith a stronger
intensityin the downwindside of the capesas
observedatday2.At day5thefavorablewindshelp
to increasethecold upwellingbandoThe areaof
strongerupwellingisextendeduptoCaboFrio.
In Figure7 ispresentedthehistoryof SSTand
thevelocitycomponentsin thecontrolpoinls.The
SST reachesa minimumonlyat nay:; oll Buzios.
Notethattheu, componentoff l3uziúsincreasesa
littlemoreduringtheday5, aftertheSST reaches
theminimumat day4. In thecontrol point off
Saquarema,the tlow is going offshorewith a
detlectioni eastwardirection(u,>0).
Responsetoa non-uniformwindfield
Thisexperimentevaluatesthesolutionusinga
possibleidealizedrepresentationfthemeanfeatures
oftheobservedwindfieldduringanupwcllingevent
inaugustof 1971.
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Fig.4.Eastwindsolution.SSTandclIrrentsatday2 and5. TheSSTcontourintervalis O.5°e
andthevelocityarrowsarenormalizedtothemaximum01'23.6cm/secatday2 and18.3
cm/secatday5.
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Fig.5.Timehistory01'SSTandvelocitycomponentsofl'SaquaremaandBuzios(5 kmin front)
fortheeastwindsolution.
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DAY2
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Fig.6.Northwindsolution.SSTandcurrentsatday2 and5.TheSSTcontourintervalis 0.5°e
andthevelocityarrowsarenormalizedtothemaximumof 12.6cm/secatday2 and10.7
crnlsecatday5.
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Fig. 7. Time history01'SST andvelol:itycomponentsolTSaquaremaandBuzios(5 kmin front)
lor thenorthwind solution. '
1'02(t) are time dependentfunctions.The
Figure 8 shows the two-dimensionalstructures
Ip/xI,xz),'fIz(xl'xz)used in themodelandthe
resulting wind field. In this case, '01(t) and
l'oz(t) are constant in time andprescribedas
't01=-0.IIN/m2,'t02=-0.11N/m2.
Non uniformwindfieldsaredescribedhylhe
compositionofpalchesoftheform
where 'fI1(X"XZ)''fIz(xl,xZ) are the two-
dimensionalstructuresof thepatchesand 1'01(I) ,
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The Figure9 illustratesthe responseof the
non-linearmodelto thenon-uniformwindforcing,
showingthevelocityandtheSST fieldsat day2.
Afier 2 daysa tongueof upwelledcool wateris
generatedandextendedin south-westwarddirectíon
reachingaminimumin &ontof Saquarema.In this
sectorthe SST reachesthe minimumof 15°C.
Warmesttemperaturesoccur well offshoreand
eastwardapproachingits initialvalue.The velocity
field showsa currentgoing offshore,which is
formingat the coastand by continuityhas !low
contributionalong the coast &om theeastside
as a coastalcurrentand&omthewestside as a
coastal countercurrent.The maximumvelocity
obtainedin the flow field is 17.7cm/sec.The
calculatedSSTpatternis similartotheobservedone
(upper panel of Fig. 2) characterizedby the
upwellingcenterin &ont of Saquaremand a
spreadingof coolwatersof arollnd17.5°Cin south-
westwardirection. .
Numerical simulation of a time-dependcnt
upwellingevent
In thisnumericalsimulation,themodel01'the
coastalregionof CaboFrio is forcedbya windlie1d
whichhasa spatialstructureanda timevariability.
ThewindfieIdsarecomposedofpatchesof thelorm
describedin (15).The horizontalstructureof the
wind stresscomponentsare proposedtakinginto
accollnt observed pattern. The structures
'f/t(X"X2), 'f/2(X"X2) usedin themodeIarethe
sameshowedin Figure8.Thehourlyobservations
(Fig. 10) at an industrialmeteorologicalstatíon
("CompanhiaNacionalde Alcalis",situatedon the
coasta littlewestof CaboFrio) werecorrectedin
orderto extrapolatefor theocean, increasingthe
windvelocitiesin a 30%.Thetimevariationof the
wind stressfunctions 'oI(t) and '02(t) were
calculatedusingtheaerodynamicsquarelaw.In this
simulation,for calibrationpurposes,werechosen
vallles for thewinddragcoefficientcw=2.25xI0-3
andthe Rayleigh frictioncoefficientv=1.8xI0-5
sec-I.
Theobservedwindvelocitiesatthe beginning
01'theupwellingeventwere very weak(2m/sec)
and upwelling conditionswere not reportcd.
Additionally,informationabouthewindpatternand
dircctionbcforetheinitialdatewasnotenoug,hto
definea correetinitial state,therefore,the initial
conditionsweredefinedatrest,whichareaeeeplable
torepresentoceanconditionunderweakwinds.The
simulationof theupwellingis startedatOhoursof
08/18/71andintegratedforwardin timeduring3
days to comparewith observedspatialSST
patterns,presentedin Figure 2, and the time
evolutionof theSST in thecoastalstationof Cabo
Frio.
Figure1I íllustratestheresponseof thenon-
linearmodeltothetimedependentandnon-uniform
wind forcing,showingthe velocityand the SST
tieldsat 2 and3 days.Afier 2 daysa tongueof
upwelledcool wateris generatedand extendsin
south-westwardirectionreachinga minimllm
temperatureof 16.3°Cin &ontof Saquarema.Note
thatacoolwatercellenclosedbyacontourof 17°Cis
formedoffshore.Thiscellismainlyaconsequenceof
thechangesin directionandmagnitudeof thewind
foreing. Rememberthat in the previoustest
calculation, using the samespatial structureof
thewind butconstantin time,thecoolwatercell
offshoreis notpresentin thesolutiona!ter2 days
(Fig.9).
Afier3 daysthetongueof coolwateris more
intense,duethe persistenceof favorablewind. It
reachesan absoluteminimumof 15°Cin a band
betweenSaquaremaandCaboFrio which extends
offshore in south-west direction. Warmest
temperaturesoccur well offshoreand eastward
approaehingitsinitialvalue,andSST risesto23°C.
Thevelocityfieldshowsa currentflowingoffshore,
whichisbeingformedatthecoastandbycontinuity
hasflowcontributionalongthecoast,fromtheeast
side as a coastaleurrentand&omthewestside
as a coastalcounterflow.In theoffshoreside,
thereis a drifi in eastwardirectionwhichis not
really a surfacecountercurrent,i is only a
deflectionof theflowduetheresponseof lhecoastal
watertothenon-uniformwindtieldforcingusedin
thissimulation,witha tendencyto forma cyclonic
gyre.The maximumvelocityat thirdday is 26.5
cm/sec.
Figure12showsthecalculatedtimedependent
variationsof the SST in points representing
Saquarema( ttheshore)andthecoaslalstationof
CaboFrio. The time-dependentpatternsin these
pointsareparticularlysimilarto theobscrvedin the
coastalstationof CaboFrio. The SST droppingis
veryintensiveduringthesecondayduehigherwind
velocities.A wind relaxationduringthethirdday
increasestheSSTduringsomehours.
The resuItsindicatethatthemodeldescribes
remarkablywell the time-dependentphysical
featuresof theobservedcoastalupwellingandthe
rapidchangeof SST inthecoastalregionofCabo
Frio. The modelingresultsgive support to the
hypothesisthatthespatial patternof thetongueof
upwellingin thisregionis mainly drivcn by the
spatial configurationof windfield in thiscoastal
region.
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Fig.9.Solutionbynon-unit{)rmwindth:ld.Thearrowsarenormalizedtothemaximumvelocity01'17.7
cm/secandthecontourintcrval01'theSST is0.5°e.
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AT 48 HOURS
AT 72 HOURS
Saquarema
........
Fig. 11..Simulationn.:sults01'thl.:Cabo Frio I1H>dd.The arro\Vsarenormalizedto themaxil11umvclocityandthe
I.:Ontourinterval01'the SST is 0.5°(:. I\t48 hoursalieI' the wind is blowing the upwelling eenteris
locatedin Ihmt 01'Saquaremadelimitedby the SST contour 01'16.5°C. the maximumvelocityis 19.9
I.:m/5I.:c.1\t 72 hour5.lhe minil11Ulll~~TI.:ontour01'15.5°Cddimitl.:da band 01'cold water extl.:nded
oll"horl.:in south-westdireetionandthelI1aximul11vdocity is 26.5em/see.
Rcy.hras.occanogr..46(I). 1998
SST Cabo Frio(Observed)
SST Saquarema(Calculated)
SST Cabo Frio(Calculated)
2
Time(days)
3
Fig. 12. limc history 01'thc COl1lputcJ5Sl in thc coastalpoints 01'SaquarcmaanJ Caho Frio anJ the
ohscrvcdSST in thccoastal stationol'Cabo Frio.
Conclusions
A modclfor the coastalarea01'CaboFrio
(Rio de Janeiro - Brazil),basedon thenon-lincar
I Yzlayermodel,is presented.The modelincludes
the hydrodynamic momentumand continuity
equations;athermodynamicequationtodescribcthe
changesof SST, anda properlytreatment01'the
open boundaries.The equation system is
approximatedbythetiniteditlerencemethod.
It wasanalyzedthedynamic response01'the
coastalregionofCaboFrio.Eastwindsgeneratcsan
upwellingbandalongthe zonal coastline01'the
region.Northwinds prodllcesa weakageostrophic
lIpwelling at the zonalcoastline but offshore a
castwardtlow is obtained.In thiscase,alongthe
meridionalcoastline01'theregion,theupwelling is
moreintense.Whenthemodelis forcedbya l1on-
1IIliformwindtield,representingan idealized\\'ind
p;ltternof theregion,it waspossibleto reprodllL'ca
plumeof coolupwelledwater\vhichintensifiL'sin
sOllthwestdirection.In this experimentit was
vcritiedthepresence01'coastaleastwardtlows.The
presence01' eastwardtlows in the solutions,
associatcdwith north wind components,might
L':o;plaintheprcscnce01'"countercllrrcnts"reportcdin
manyoccasioninthiscoastalarea.
A time-dependentsimulationof an upwclling
eventin 1971isobtainedsuccessflllly.Themodclis
!i,rcedby a time dependentwind tield with an
idealizedspatialstructure.The resultsdescribethe
rapid evolution,during3 days,01'a plume01'cool
upwelledwaterextendedinsouthwestdirection,and
the timeresponseof the SST in the Cabo Frio
station.Theseresultscompareremarkablywellwith
theobservationsin spaceandtime.The calculated
currentsystemis characterizedbya currentflowing
otlshore,whichis1'ormedatthecoast,andbysignals
of eastwardtlowsotlshore.Duringthesimulation,
duethechanges01'magnitudeandwinddirection,
cellsofcoolupwelledwaterseparatefrol11theinitial
upwellingcenterflowingin southwestdirection.The
1110dellingresultgivessupportothehypothesisthat
theobservedtongueof upwellingis mainly driven
by the spatialcontiguration01'windtieldin this
coastalregion.
Conclusively, thesuccess1'ullyobtainedresults
inthenumericalexperil11entsvalidatetheconceptual
formulationof the modelpresentedin this papel'.
Improvementsofthemodelforfurtherapplicationis
possibleincreasingthecomplexitywith processes
whichwerenotconsiderinthispapel'.
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